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Introduction
All over the world transportation is dependent on a continuous supply of liquid and gas fuels. Due to the increasing nuisance of vehicles emitting toxic gases to the natural environment many scientific institutions make attempts to solve the problem. One of such solutions is the introduction of fuels substituting fossil fuels, which are generally known as biofuels. They are made from different types of biomass by means of different technologies and they are processed into formed fuels.
Liquid fuels made from vegetable oils are a type of biofuels which stand the greatest chance for development in economy [13] . So far research results have proved that there are no technical barriers to the application of pure vegetable oil as a fuel for farming machinery [10, 22] . In 2006 Czechlowski et al. did not observe the negative influence of biofuels on the working parts of the injection pump in a farm tractor [7] . On the other hand, in 2001 Koniuszy noted that the penetration of biofuels into engine oil deteriorates the lubrication of the engine parts, which causes the need to change the oil in a diesel engine more frequently [16] .
On the other hand, the use of biofuels made from vegetable oils is a serious social and economic problem. In 2012 Nonhebel stressed that the production of biofuels from biomass was a serious threat to food production [19] . In 2011 Mueller et al. published the results of research which prove that the prices of cereals were closely correlated with an increase in the supply of biofuels [18] . In 2013 Peri & Baldi proved a strong correlation of market prices between diesel and vegetable oil [21] . To sum up, we can say that an increase in the prices of diesel fuel strongly affects the prices of food and biomass, which biofuels are made from.
The replacement of diesel with biofuels made from plants is regarded as an environment-friendly action because the emission of CO 2 is reduced. As results from the study conducted by Dzieniszewski in 2009, as far as biofuels are concerned, the emission of CO 2 is much higher than from diesel if we consider the workload which is necessary to produce biofuels and the emission from their combustion in diesel engines [6] . This phenomenon is chiefly caused by considerable amount of work that goes into energy crops grown for specific purposes. In response to this information, in 2010 Pasyniuk stated that when diesel engines were powered with biofuels, the CO 2 balance was retained, because plants absorb the total amount of CO 2 emitted from engines powered with fuels made from plants [20] . It is also necessary to stress the fact that engines powered with biofuels emit much less toxic substances, i.e. carbon monoxide, hydrocarbons and particulates. In 2013 Shirneshan proved that these compounds were reduced by 30% when the share of biofuels reached 20% [24] . Also, in 2010 Kalam et al. found that as the share of biofuels in diesel increased, the emission of toxic compounds was considerably reduced [14] . However, in both cases the emission of nitrogen oxides increased. In 2010 Hossain & Davies proved that it was possible to reduce the emission of nitrogen oxides when diesel was partly replaced with sunflower oil [12] . In 2005 Senthil et al. made experiments in which they powered an engine with hot animal fats and they observed that as the temperature of that fuel increased, the emission of nitrogen oxides was limited [25] . These results point to the fact that it is justified to produce biofuels from biomass which does not come directly from plant production. This will certainly enable the limitation or even abandonment of energy crops grown for a specific purpose.
The production of biofuels from non-food fats and animal fats is an interesting solution worth consideration. In 2012 Roszkowski found that 2015-2017 was the realistic time of implementation of the technologies enabling the production of biofuels from fats derived from the secondary market in the EU [23] . As results from the research conducted so far, there are no technical barriers which would make it impossible to power older generation engines with fats of different origin. In 2012 Czaczyk et al. made an active experiment in which they investigated the energetic parameters of the engine of a farm tractor powered with post-frying fats [5] . In 2013 Wegner et al. published the results of investigations of the energetic parameters of an engine powered with a fuel containing from 15% to 50% of used soybean oil [27] . In recent years there have also been numerous studies on the parameters of operation of a diesel engine powered with animal fat esters [2, 3] . In comparison with conventional fuels the application of biofuels contributes to reduction of exhaust opacity and increases the emission of NO x [1] . On the other hand, the use of rendered animal fats or fats in the form of emulsion with ethanol as a fuel considerably reduces both exhaust opacity and the emission of NO x [15, 26] .
The amount of raw materials, i.e. animal fats and oils from the secondary market is limited. In 2010 Marczak published the estimates concerning the amount of animal fats produced in Poland which could be used for the production of biofuels without the negative effect on the prices of food products. He found that by 2020 every year Poland would have produced about 60 thousand Mg of cow and pig fat which was not used as food, including fats from slaughterhouse waste [17] . In 2003 Ferenc & Pikoń estimated the production potential of waste fats in Poland. They found that in 2002 Poland produced a total of about 130 thousand Mg of such fats and in the following year -about 150 thousand Mg. In the authors' opinion the data are strongly understated, because there was considerable discrepancy between the results of questionnaire surveys and the data from periodical reports on waste [7] .
The analysis of the state of knowledge presented above was the basis for initial research which was conducted to determine temperature-induced changes in the rheological properties of rendered animal fats and the possibilities to reduce the exhaust opacity in a diesel engine in consequence of using fat heated to a temperature above 80°C as a fuel.
Research methodology
The research was conducted in two stages. In the first stage the distribution of the kinematic viscosity of pig fat in the temperature function was measured. In the second stage the exhaust opacity of a diesel engine powered with pig fat at different temperatures was measured.
The assumption was that the kinematic viscosity of pig fat would be measured within the range of temperatures from 60°C to 160°C at 10°C intervals. Simultaneously, the researchers agreed that each measurement would be made three times and the arithmetic mean of the three measurements would be assumed as the result.
Viscosity was measured according to the standard PN-77/C-04014. As a result of the measurement, the kinematic viscosity was determined. The measurement of fat viscosity consisted in measuring the flow time of 200 cm 3 of the fat under study at a particular temperature and the flow time of the same volume of distilled water at a temperature of 20°C under the conditions specified in the standard (PN-77/C-04014). Next, the relative viscosities were calculated in Engler degrees °E and on the basis of the results the kinematic viscosity of the fat under study was read from tables attached to the standard. Before the measurements the constant k was calculated for the Engler viscometer used in the investigations. For that purpose the flow time of distilled water was measured at a temperature of 20°C. The arithmetic mean of the three measurements was assumed as the constant k of the device.
During the measurements the viscometer was filled with hot pig fat at a higher temperature than the assumed measurement temperature. Simultaneously, the liquid which filled the water bath of the viscometer was preheated to the temperature at which the measurement was to be made. When the viscometer was filled with a sample, it was necessary to wait until the viscometer and the sample reached the assumed measurement temperature. When this happened, the flow time of the fat under study into a volumetric flask was measured.
In order to make an active experiment assessing the exhaust opacity was used a diesel engine with a displacement of 1588 cm 3 and nominal power of 37 kW at 4800 rpm. The fuel feed system consisted of a distributor injection pump with a system of indirect injection into the swirl chamber. Because of the fact that a comparative study was conducted, the degree of the engine wear was not taken into consideration in the control sample, where the investigations were made on standardised diesel fuel.
The engine was equipped with two fuel tanks -an unheated one for diesel and an insulated one, fitted with a heating system for animal fat. In order to reduce the heat loss the fuel hoses were fitted with an electric heating system, which enabled us to keep the set temperature of the fuel injected into the cylinders.
A Junkers H0 stationary hydraulic dynamometer was used to load the engine so it could reach thermal equilibrium. The dynamometer was directly connected to the engine flywheel by means of an articulated telescopic shaft.
In order to measure the exhaust opacity an optical opacimeter Radiotechnika DO 9500 was used. The basic technical specifications of the opacimeter are shown in the table below. The opacity was measured when the engine powered with the fuel under investigation was hot.
The exhaust opacity was measured according to the following procedure. After the start-up the engine was initially warmed up and then it was loaded with its nominal power until it reached thermal equilibrium. Immediately after the warmup we determined the external operating characteristics of the engine powered with diesel. Then the exhaust opacity of the engine powered with a standard diesel fuel was measured.
The absorption coefficient k was measured with the free acceleration method, which consisted in loading the engine with the inertia of the rotating parts of the engine itself and the engine brake connected to it. In order to make the measurement the rotational speed of the engine was rapidly increased from the idle speed to the maximum speed by making a decisive move shifting the fuel dosage lever from the idle position to the position of the maximum fuel dose. In order to average the results the measurements were made ten times, with 15-second periods of the engine idling before consecutive measurements. Having finished the measurement, the engine fuel system was filled with pig fat and for 15 minutes the engine ran at its nominal power in order to guarantee that the diesel was completely removed from the fuel system. Then the measurement procedure described above was repeated three times for selected temperatures of pig fat.
Discussing research results
The constant k for the viscosity measurement system was 50.66, where the coefficient of variation was <1%. The arithmetic means of the fat flow times, where the coefficient of variation was <5%, had the logarithmic distribution with the coefficient of determination R 2 >0.99 until the moment of change in the temperature.
The kinematic viscosity of fat which was measured within the assumed temperature range (60-160°C) reached the values ranging from 1.8 to 12 mm 2 ·s -1 and it was negatively correlated with the temperature r = −0.94 (Fig. 1) .
The temperature where the kinematic viscosity of pig fat is similar to the kinematic viscosity of diesel at 40°C ranges from 120°C to 140°C. Animal fats contain about 35% of stearic acid and palmitic acid (melting point: 70°C and 64°C, respectively). Therefore, they retain the solid state of matter at ambient conditions [5] . The freezing point of such fuels can be changed chemically by the process of transesterification. As a result of the process, the freezing point of these fuels is about 10°C. According to Goodrum et al., animal fats can be used as a component of heating oil in heating installations, where the fuel is preheated and its storage conditions do not change [11] .
The type of applied fuel and the temperature of pig fat did not have significant influence on the power generated by the engine. As results from the research, the engine powered with hot animal fat (fuel temperatures of 80°C, 120°C and 160°C) generated the average maximum power of 34.9 kW ± 4%, whereas the engine powered with diesel generated the power of 32.3 kW ± 8% (Fig. 2) . Thus, as a result of a univariate analysis of variance with the 5% level of confidence, the type of applied fuel was not observed to have significant influence on the maximum power generated by the engine under investigation (p= 0.08).
The next stage of the research involved the measurement of exhaust opacity in the engine powered with diesel and then with rendered animal fats. The average value of exhaust opacity in the engine powered with diesel was k =1.38 m -1 . When this value was compared with the values obtained when the engine was powered with hot animal fat, which ranged from k=0.38 m -1 (80°C) through k=0.30 m -1 (120°C) to k=0.39 m -1 (160°C), a considerable decrease in the exhaust opacity was observed, reaching about 70% (Fig. 3) . Such a low value of the exhaust opacity may have resulted from differences in the content of carbon and oxygen in the fuels under comparison. The content of carbon in diesel reaches 84-87% and there is almost no oxygen, whereas the content of carbon in animal fats is about 73% (m/m) and the content of oxygen is about 12.5% (m/m) [25] .
Summary
As results from the literature, fats are a mixture of fatty acids, which are characterised by different flow temperatures, ranging from −14°C for linolenic acid to 70°C for stearic acid [8] . As results from the study by Golimowski et al., regardless of the type and origin the kinematic viscosity of fats is about 19.67 mm 2 ·s -1 ± 5% at a temperature of 60°C (except post-frying fats) [9] . On the other hand, at lower temperatures the kinematic viscosity depends on the type of fat. Thus, in view of this fact and with reference to the findings of this research we can assume the hypothesis that the kinematic viscosity of fats made from plants will be similar to that of diesel at a temperature exceeding 120°C. In order to confirm the hypothesis it is necessary to conduct the research again according to the methodology developed by the authors.
In 2005 Senthil et al. proved that an increase in the temperature of animal fats used to power a diesel engine reduces the exhaust opacity. In comparison with the engine powered with diesel the opacity of exhaust emitted by the engine powered with fats at a temperature of 30°C was lower by about 30%. When the temperature increased to 70°C, the exhaust opacity was reduced by 60% in comparison with diesel [25] . The researchers observed that when the engine was powered with pig fat at a temperature of 80°C, the exhaust opacity was reduced by about 70% in comparison with the engine powered with diesel. Apart from that, further increase in the temperature of fat did not cause significant changes in the degree of exhaust opacity. Senthil et al. observed that the lower exhaust opacity resulted from the characteristics of heat release in the cylinders. During the first phase, when the pressure in the cylinders increased dynamically, the dynamics of heat release was lower when animal fats were applied. The situation was opposite at the second phase where the unburned fuel is completely burning [25] . This phenomenon was caused by the lower content of carbon in fat and by the presence of oxygen. The larger amount of heat at the second phase of fuel burning favours the higher temperature of exhaust emitted by the engine [2] . Barrios et al. observed that differences in the exhaust opacity of the engine powered with diesel and then with a mixture of biodiesel from animal fat and diesel (50/50) did not depend on the engine load. As the average velocity of the vehicle in motion increased, and in consequence, as the engine load increased, there were equal and directly proportional differences in the degree of exhaust opacity for all of the engine load values under investigation [3] . Another effective method of reduction of exhaust opacity is to use animal fat emulsified with ethanol [15] . Thus, it would be necessary to start research in order to make a complex assessment of the influence of fuels made from plants and animals at a temperature where the kinematic viscosity would be comparable to that of diesel at 40°C on the operation parameters and level of exhaust emission from a diesel engine.
Conclusions
Rendered animal fats are characterised by the kinematic viscos--ity of 2.5-4 mm 2 ·s -1 (diesel viscosity at 40°C) at temperatures ranging from 120°C do 140°C. Powering a diesel engine with hot animal fats considerably re--duces exhaust opacity and increases the engine power by 10% in comparison with a diesel fuel. As results from the research, engines powered with hot animal fats at higher temperatures than 80°C emit 70% less solid pollutants into the atmosphere. The fuel can be preheated with the engine refrigerant and then -heated to a minimum temperature of 80°C by means of the electric system. Further increase in the temperature of fats had no influence on changes in the engine parameters under investigation.
